A thorough literature review is conducted that pertains to low-salinity-based enhanced oil recovery (EOR). This is meant to be a comprehensive review of all the refereed published papers, conference papers, master's theses and other reports in this area. The review is specifically focused on establishing various relations/characteristics or "screening criteria" such as: (1) classification/grouping of clays that have shown or are amenable to low-salinity benefits; (2) clay types vs. range of residual oil saturations; (3) API gravity and down hole oil viscosity range that is amenable for low salinity; (4) salinity range for EOR benefits; (5) pore sizes, porosity, absolute permeability and wettability range for low-salinity EOR; (6) continuous low-salinity injection vs. slug-wise injection; (7) grouping of possible low-salinity mechanisms; (8) contradictions or similarities between laboratory experiments and field evidence; and (9) compositional variations in tested low-salinity waters. A proposed screening criterion for low-salinity waterflooding is introduced. It can be concluded that either one or more of these mechanisms, or a combination thereof, may be the case-specific mechanism, i.e., depending on the particular oil-brine-rock (OBR) system rather than something that is "universal" or universally applicable. Therefore, every OBR system that is unique or specific ought to be individually investigated to determine the benefits (if any) of low-salinity water injection; however, the proposed screening criteria may help in narrowing down some of the dominant responsible mechanisms. Although this review primarily focuses on sandstones, given the prominence of carbonates containing ~60% of the world's oil reserves, a summary of possible mechanisms and screening criteria, pertaining to low-salinity waterflooding, for carbonates is also included. Finally, the enhancement of polymer flooding by using low-salinity water as a makeup water to further decrease the residual oil saturation is also discussed.
Introduction
Improvement in the recovery of oil by low or reduced salinity water was first reported by Bernard (1967) . In 2004, Webb was the first to publish the results on a single-well test and provided field evidence of reduction in residual oil by low-salinity water (Webb et al. 2004) . The interest in lowsalinity waterflooding is picked up again in the mid-nineties with many publications that appeared from Dr. Morrow's research group (University of Wyoming), primarily based on laboratory corefloods. However, up until 2005 the interest in low-salinity waterflooding remained at a fairly low level. Between 2005 and 2010, the increase in low-salinity papers was exponential with 25 papers appearing in the literature in 2010, as reported by Morrow and Buckley (2011) . According to Morrow and Buckley (2011) , despite the growing interest in low salinity, a consistent mechanistic explanation had not yet emerged. This is still true in 2016. In part, this may be the result of variations in test procedures (especially rocks and crude oils). The complexity of the minerals, crude oils, and aqueous-phase compositions and the interactions among all these phases also may contribute to the lack of a universally applicable mechanism for the low-salinity effect. The variety of circumstances under which the low-salinity waterflood may or may not be successful suggests that more than one mechanism may be in play. In order to better understand the effects of low-salinity waterflooding (LSWF) for Alaska's North Slope (ANS) reservoirs, this paper summarizes various literature and research conducted on this topic. Traditional waterflooding techniques are the oldest and most common methods to improve oil recovery beyond reservoir depletion. In contrast, LSWF is a relatively new enhanced oil recovery method in which injection water salinity is reduced to further improve oil recovery. Morrow and Buckley (2011) observed that interest in LSWF has increased in recent years as indicated by the number of publications and presentations with LSWF as their topic. A histogram similar to Morrow and Buckley's, as shown in Fig. 1 , which includes only the Society of Petroleum Engineers (SPE) publications, indicates that authors continue to investigate LSWF. Table 1 shows a list of publications and indicates sources of information discussed in this paper. Data from the table indicate that clay type, wettability and water chemistry are the most discussed topics (see Fig. 2 ).
LSWF has been extensively studied, and many authors have documented the benefits on oil recovery, but there is no consensus regarding the governing mechanisms of this enhanced recovery technique. It is believed that certain conditions are necessary to observe the benefits of low-salinity injection, but no single mechanism has been accepted as being universally applicable. A greater part of the literature studied showed an increase in oil recovery by LSWF in laboratory coreflooding experiments. Benefits have also been realized in the field, including on ANS. Dang et al. (2013a) presented a review on the topic of LSWF in which the mechanism behind the LSWF in last two decades was discussed and also made a comparison of the laboratory and field studies.
This paper summarizes various mechanisms and reservoir properties that contribute to additional oil recovery by LSWF, as found through an extensive literature review.
Topics include clay types, oil properties such as API gravity and viscosity, injection water salinity ranges, pore size, porosity, permeability, wettability and compositional variation in low-salinity waters. The literature review concludes by discussing comparisons between laboratory and field studies and by providing screening criteria for LSWF.
Classification/grouping of clays amenable to low-salinity benefits
Many authors state that clay must be present in order to see benefits from LSWF, and studies have shown that LSWF is effective in various types of clays. To determine what types of clays benefit LSWF, it is necessary to understand the interactions between clay particles, water and oil. Most sandstone reservoirs are made up of a mixture of sand and clay particles and contain a mixture of water and oil in the pore space. Although, Tchistiakov's paper from 2000 (Tchistiakov 2000) does not focus on low-salinity, the cation-clay interaction as it pertains to LSWF is included since clay is the third most discussed variable in the context of LSWF. According to Tchistiakov, only some cations are attached to the clay surface as an adsorbed layer, while others are free, forming a diffuse ionic layer some distance away from the clay surface. The concentration and distribution of these free cations is controlled by the balance between electrostatic attraction of the clay surface and thermal motion of the cations. Tchistiakov schematically illustrates the end of the diffuse ionic layer, which marks the beginning of the free solution region (concentration of anions = cations) by a rather sharp demarcation. According to Tchistiakov, the bonds between the cations and the clay surfaces are strengthened due to an increase in valence exchangeable cations, which reduces the potential and the diffuse layer thickness. In general, the clay stability in sandstone decreases with a decrease in the exchangeable cation charge and radius. Thus, clay surfaces release monovalent cations, which go to the diffuse layer around the clay particles.
The connection between oil and clays from a chemistry perspective is described by Lager et al. (2008a, b) . The authors conclude that the oil molecules are held on the surface of the negatively charged clay particles mainly by divalent cations. These are positively charged ions, such as calcium (Ca 2+ ) or magnesium (Mg 2+ ), which act as tethers to hold the oil molecules onto the clay. When flooded with water that has a lower salinity than the reservoir formation water, free cations in the displacing fluid, for example monovalent sodium ions (Na + ), exchange with the divalent cations holding the oil in place and release the oil molecules, allowing these to be swept out of the rock pores. It has been observed that the more clay present in the reservoir, 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 the greater will be the benefit of using low-salinity water (Jerauld et al. 2006) . A basic schematic of this mechanism is shown in Fig. 3 . Lee et al. (2010) refers to the structural layers as an electric double layer, which consists of an inner adsorbed layer of positive ions (the adsorption layer), and an outer diffuse layer (the osmosis layer) consisting of mainly negative ions; a description somewhat similar to that of Tchistiakov (2000) . The thickness of the double layer depends on the ion concentration in the surrounding water. In the case of high salinity water containing more ions, the double layer is more compact, and the oil release from the clay surface is inhibited. However, when low-salinity water is introduced, the double layer expands. The adsorption layer contains divalent calcium or magnesium ions, which act as tethers between the clay and oil droplets. Injecting reduced salinity water opens up the diffuse layer, enabling monovalent ions such as sodium, carried in the injected water, to penetrate into the double layer. Here, the monovalent ions displace the divalent ions, thereby freeing up the oil so that it can be produced from the reservoir.
Many of the research papers studied show that the presence of active clay minerals is necessary to obtain lowsalinity EOR effects. According to Austad et al. (2010) , a negative charge on the clay surface is due to the role of clay minerals often characterized as cation exchange material, because of structural charge imbalance, either in the silica or in the aluminum layer and also at the edge surfaces. Tchistiakov described a generic clay-cation interaction, which is, however, dependent on the types of cations and the clays. Jerauld et al. (2006) state that rock mineralogy (an active clay being an integral component) impacts low-salinity flooding and thus suggest that this dependence should be included in simulating these types of floods. A table from the International Drilling Fluids technical manual that lists the cation exchange capacities (CEC) of the three prominent clay types, kaolinite, illite/mica and montmorillonite, is presented by Austad et al. (2010) . The table shows that kaolinite has the lowest CEC, suggesting that kaolinite is the least favorable clay material for low-salinity flooding. Thus, the clays beneficial strictly from a CEC standpoint for lowsalinity water flooding can be ranked as kaolinite < illite/ mica < montmorillonite. However, in contrast, some studies have been conducted where additional oil recovery was observed with kaolinite as the dominant clay material present (Jerauld et al. 2006; Seccombe et al. 2008; Hadia et al. 2011; Robertson et al. 2003) . Jerauld et al. (2006) also presented laboratory and single-well chemical tracer test data that correlated quite well. These data showed that the incremental oil recovery was directly proportional to the kaolinite clay content. According to a clay classification table presented by Tchistiakov (2000) , the three main classes of clays are (1) discretely dispersed particle clays, (2) pore-lining clays and (3) pore-bridging clays. Kaolinite predominantly falls in the first class while illite, chlorite and montmorillonite fall in the second and third classes. By definition, the first class of clays can contribute to fines migration. Similarly, as the name suggests, pore-lining clays are attached to pore walls and form continuous thin films while the pore-bridging clays can potentially block or bridge the pore space. The presence of clays as some type of precondition to benefit from LSWF is agreed upon by many authors; however, there appears to be a lack of systematic study or a correlation on clay type versus residual oil saturation. Robertson et al. (2003) state that the effect of brine composition on oil recovery is mainly influenced by the rock (presence and distribution of kaolinite is important) and the crude oil characteristics. Based on their core flooding studies, Robertson et al. (2003) hypothesize that kaolinite plays a key role in the recovery mechanism of LSWF, which is due to the mobility of kaolinite (see previous paragraph). Seccombe et al. (2008) also graphically presented a straight-line correlation between additional recovery due to LoSal™ vs. kaolinite concentration for the Endicott field in Alaska, which indicates that the additional recovery (% pore volume) is ~ 1.1 times the kaolinite concentration. The data used in developing this specific correlation include core flood as well as reservoir data. The additional oil recovery in cases of 500-1000 mD Berea sandstone cores was attributed to the presence of kaolinite in the cores by other authors as well (Morrow and Buckley 2011) . 
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However, the reviewed literature also reports LSWF benefits for sandstone core material containing other types of clays such as illite, mica, muscovite chlorite but no kaolinite (Boussour et al. 2009; Cissokho et al. 2010) . Note though that the (positive) response to LSWF in kaolinite free cores is somewhat delayed in comparison with those containing kaolinite. These observations lead Boussour et al. (2009) to conclude that the presence of kaolinite is not a necessary condition for increasing oil recovery by LSWF.
Benefits from LSWF are also reported for clay-free carbonate reservoirs (observations based on core floods, Zahid et al. 2012a, b;  and core floods as well as a pilot, Yousef et al. 2012 ). However, note that the authors use a term called as "smart water" rather than low salinity, primarily targeting the dilution of seawater and ascribe the benefits to wettability alteration toward water wetness. Although, low-salinity water is known by various terms such as "designer water," "advanced ion managed water" and "smart water (commonly used in the context of carbonates)," broadly speaking, from a total salinity standpoint they essentially mean the same thing; however, subtle differences do exist, in that the salinity may be the same but the divalents are removed or minimized.
API gravity and down hole oil viscosity range that is amenable for low salinity
There is little evidence relating oil API gravity and oil viscosity to LSWF; rather these two physical properties appear to be a given parameter in a certain study. The existing data are a result of reported oil properties used in experiments, not from studies that specifically relate oil properties to LSWF benefits. Some oil property data used in LSWF experiments are presented in Table 2 . There are wide ranges of API gravity and viscosity for the oils used in LSWF experiments where additional oil recovery was observed, thus indicating that these properties may not play any significant role in LSWF. A direct correlation of the physical properties of the oil to the benefits from LSWF may not be feasible; however, they can certainly be indirectly linked through the composition of the oil, which influences both the physical properties of the oil and the incremental oil recovery. The influence of oil composition on incremental oil recovery is derived through the presence of polar compounds in the oil, which has been reported by several authors, Austad et al. (2010) , Ashraf et al. (2010) , Fjelde et al. (2012 Fjelde et al. ( , 2014 , Morrow (1997, 1999) , Lager et al. (2008a, b) . Thus, the oil type from a compositional rather than physical properties standpoint is important for achieving the benefits of LSWF. No benefits are seen in cases of refined or synthetic oils that obviously do not contain any polar molecules (Austad et al. 2010 ).
According to Fjelde et al. (2012 Fjelde et al. ( , 2014 , polar components from the oil are bonded to clay surfaces by divalent cations making the system somewhat oil-wet, which is then altered by the LSWF to a more favorable wetting state that increases the oil recovery.
Salinity range for EOR benefits
It is quite obvious that, anecdotally, the reviewed literature suggests that the oil recovery increases by decreasing the salinity of injected water; however, the optimum injected water salinity depends on the actual composition of the reservoir brine. Vaidya and Fogler (1992) conclude that formation permeability is negatively impacted due to ionic conditions of low salinity and high pH causing fines migration and drastic damage. Similarly, Sorbie and Collins (2010) basically state that a high salinity brine (together with clayey rock and a crude oil, i.e., containing polar components) is correct conditions for the LSWF effect to be observed. The transition to a mixed-wet condition when LSW is injected is believed to be the mechanism responsible for this behavior. Also, the efficiency of LSWF is related to initial water saturation and hence formation brine must be present in the reservoir (Jerauld et al. 2006; Austad et al. 2010) .
The usual salinity for LSWF effects is between 1000 and 2000 ppm (Austad et al. 2010) ; however, salinities from 3000 ppm (Webb et al. 2004 ) to 5000 ppm (McGuire et al. 2005) showing positive effects are also reported. Therefore, considering the data presented in Table 2 and the aforementioned references, the upper limit of optimum salinity appears to be 5000 ppm. This is supported by the fact that a single-well chemical tracer test (SWCTT) in the Ivishak reservoir, with 7000 ppm salinity, showed no improvement in oil recovery (McGuire et al. 2005) . Additionally, Morrow and Buckley (2011) categorize the low-salinity range as follows, up to 5000 ppm in laboratory tests, and 2000-3000 ppm in field tests.
6 Porosity, pore sizes, absolute permeability and wettability range for low-salinity EOR
Other perceived factors that may influence LSWF include porosity, pore sizes, absolute permeability and wettability. The literature review produced little evidence directly correlating porosity, pore size and permeability to LSWF. Similar to the oil properties mentioned above (API gravity and viscosity), these properties are simply reported as part of the experiments, but there have been no sensitivity studies conducted to determine their effect on LSWF, again indicating that these properties may not be playing any specific roles in LSWF. Some of these properties are listed in Table 2 . On the other hand, wettability, and its relation to LSWF, has been studied in great detail. The role of wettability in LSWF has been alluded to earlier, and there appears to be agreement among many researchers (Rivet et al. 2010; Sorbie and Collins 2010; Vledder et al. 2010; Skrettingland et al. 2011; Hadia et al. 2011; Shiran and Skauge 2012) that the wetting state of a reservoir affects recovery of oil by LSWF. In general, three different fluid property parameters, namely pH, salinity of the injected water, and the polar components in the crude oil and their interaction with the reservoir rock are considered as influential as far as wettability alteration and thus its impact on LSWF is concerned. This has been variously described by several authors (Berg et al. 2009; Buckley et al. 1998; Tang and Morrow 1997) . Agbalaka (2006) and Kulathu et al. (2013) conducted experiments to observe the change in residual oil saturation in a core after low-salinity waterflooding and found that low-salinity waterflooding causes the more oil-wet rock to become water-wet. Similar observation was also made by Rivet et al. (2010) , who stated that the injection of LSW causes "persistent" wettability to change toward waterwet. This change from oil-wet to water-wet corresponds to decreasing residual oil saturation and thus a higher recovery. Wettability alteration toward increased water wetness during LSWF is widely suggested as the cause of increased oil recovery. It has been determined experimentally that LSWF has a significant effect on the decrease in water relative permeability and increase in oil relative permeability (Webb et al. 2004; Rivet et al. 2010; Vledder et al. 2010; Morrow 2011; Fjelde et al. 2012) .
The wettability shift from oil-wet to water-wet based on the polar molecules present in the crude oil and clay is explained by Seccombe et al. (2008) as follows. First the adsorption of these specific crude oil components onto reservoir rock makes the rock partly oil-wet. Oil is then desorbed from the clay surfaces by the injected low-salinity water causing wettability to change from oil-wet to waterwet. Hadia et al. (2011) performed experiments on two neutral-wet cores that showed no additional oil recovery due to LSWF. This observation may have some intuitive appeal in that the wetting state to begin with is already favorable. Sorbie and Collins (2010) stated that LSWF has little effect on systems that are already strongly water-wet because the system can no longer become more water-wet than it already is. Based on experiments performed by Spildo et al. (2012) and Alotaibi et al. (2011) , intermediate-wet systems are considered as more favorable than water-wet systems. However, contrary to the majority observations, Sandengen et al. (2011) conducted core floods on a sandstone and reported that LSWF actually halted oil production, which the authors attributed to the shift in wettability to more oilwet conditions. Fjelde et al. (2012) also reported somewhat similar results in that the wettability of the system shifted from water-wet in high salinity floods to mixed-wet in the low-salinity floods. Both Sandengen et al. (2011) and Fjelde et al. (2012) explain the wettability shift based on the ion exchange occurring at the clay surface. Ashraf et al. (2010) carried out corefloods on Berea sandstone systems having four different types of wetting states, namely water-wet, neutral-wet, neutral-wet toward oil-wet and oil-wet. They concluded that the highest reduction in residual oil saturation by LSWF occurred at water-wet conditions, whereas the neutral-wet conditions result in the highest ultimate oil recovery. Based on the in-house experimental work on corefloods in which they used low-salinity water (referred to as designer water by Shell), Ligthelm et al. (2009) concludes that in sandstones the wettability alteration toward water-wet state by LSWF may be mostly due to the expansion of the electrical double layer and partly due to cation exchange processes. Other authors such as Mahzari and Sohrabi (2014) and Kasmaei and Rao (2015) conducted coreflooding experiments that focused on the variables/effects such as the formation of micro-dispersions when low-salinity water comes in contact with crude oil (depending on the surface active components present), sulfate concentration and temperature, which are listed as other reasons for the wettability shift. Nevertheless, all the reviewed literature does indicate one common trend and that is a shift in wettability due to LSWF.
Continuous low-salinity injection vs. slug-wise injection
Continuous low-salinity waterflooding is the optimum method for producing the highest recovery factor. However, slug-wise injections produce similar results and require much less freshwater. Seccombe et al. (2008) found that the most effective and economical method, from core injection analysis, is a slug-wise injection of 40% of the pore volume (PV) and even state that project economics are significantly enhanced by injecting a slug of low-salinity water, which can be chased by high salinity water, rather than continuous injection. However, the determination of the optimum size of the slug as important, e.g., a 10% PV slug showed no additional recovery and 30% PV, was the smallest slug necessary to flow through the entire core plug. Vledder et al. (2010) reported an incremental oil recovery of 10% to 15% due to a 40% PV low-salinity injection in the Omar field in Syria. Kulathu et al. (2013) observed that residual oil saturation is achieved as early as 3-4 PV of injected low-salinity water with cyclic injection as compared to 6-7 PV's in continuous injection. LSWF in the secondary mode refers to the injection of low-salinity water at the irreducible water saturation (S wi ), whereas LSWF in the tertiary mode means injection of low-salinity water after high salinity brine. Most of the experimental work in this area show increase in oil recovery in both modes (Zhang et al. 2007; Agbalaka et al. 2009 ). However, in some other studies, LSWF did not show any incremental oil recovery in tertiary mode (Rivet et al. 2010 ; Nasralla and Nasr-El-Din 2011).
Grouping of possible low-salinity mechanisms
There are various macroscopic and microscopic mechanisms for low-salinity waterflooding in the literature and still the exact mechanism is unknown. Boussour et al. (2009) analyzed possible mechanisms for LSWF and presented experimental counter-examples for most of them, including the presence of kaolinite, divalent ions in injected brine and the effect of temperature. However, there are a number of publications that support these mechanisms and are presented in the literature as follows:
(a) The increase in cation valency of a brine solution, which can be achieved with decrease in brine salinity, impacts increased oil recovery (Salathiel 1973 ). (b) The first explanation for LSWF effects was from migration of fines (Tang and Morrow 1999; Zhang et al. 2007 ). (c) The detachment of mixed-wet clay particles from the pore walls (Tang and Morrow 1997) . Also with the use of low-salinity brine the fine materials become mobile which results in exposure of underlying rock surfaces and increases water wetness of the system (Tang and Morrow 1999 ). (CEC) between clay minerals and invading brine has an improved effect in oil recovery with low-salinity water (Lager et al. 2008a, b) . (g) Multi-component ionic exchange (MIE) between mineral surfaces and invading brine is proved to be the primary mechanism underlying the improved recovery with low-salinity waterflood. It explains the importance of the presence of clay minerals and its cation exchange capacity with low-salinity water (Lager et al. 2008a, b; Omekeh et al. 2012 ). (h) The salting-in effect (increase in solubility of polar organic molecules in brine by removing salt) has been suggested as it contributes to desorption of some organic materials loosely bonded to the clay surface (Rezaeidoust et al. 2009; Austad et al. 2010 ). (i) Electric double-layer expansion is proved to be the primary mechanism in LSWF as it changes the electrical 1 3 charge at both oil/brine and rock/brine interfaces to a highly negative charge which causes a repulsion force between the interfaces and changes wettability (Lee et al. 2010 ; Ramez and Nasr-El-Din 2014). (j) Hamouda et al. (2014) observed from the experiments that for chalk formations, a possible mechanism was the presence of cations which alters wettability and for sandstone rocks, MIE, mineral dissolution and rock weakening causing fines migration.
The various mechanisms outlined above basically explain the different causes of wettability alteration toward a more favorable state resulting in the incremental recovery of oil when low-salinity water is injected.
Contradictions or similarities between laboratory experiments and field evidence
Numerous experiments have been conducted on LSWF on a core scale; however, the number of field tests is considerably less. Many of the reviewed papers indicate that field-wide benefits are slightly lower than laboratory studies. Robertson (2007) provided anecdotal evidence, through historic records, that field-wide LSWF can be a successful EOR method by analyzing the injection history of several waterfloods in the Powder River Basin, Wyoming. His results indicate that oil recovery increased as the salinity ratio of injected water decreased. Increased oil recovery by LSWF in the near wellbore environment was demonstrated through log-inject-log tests by Webb et al. (2004) . SWCTT has also been used to evaluate whether LSWF results from the field represent laboratory results. SWCTTs have been completed in the Prudhoe Bay's Borealis Field to determine the effectiveness of LSWF. The thickness in the test well is 20 ft and has an average porosity of 16%. Measured S or prior to LSWF was 0.21 ± 0.02 and measured S or after LSWF was 0.13 ± 0.02. The tests resulted in an additional 8% PV of oil displacement due to LSWF (McGuire et al. 2005) . Seccombe et al. (2010) in their paper demonstrated the functionality of LSWF, as it does in corefloods and singlewell tests, in Endicott field interwell tests with one injector and one producer spaced ~1000 ft apart. They presented a straight-line fit of additional recovery due to LSWF vs. clay content, and based on the 12% clay content in the pilot area, an estimate of 13% additional recovery was made from this fit, which correlated quite well with the additional oil recovery of ~10%. This actually measured additional recovery was in response to the 11 months of 1.6 PV low-salinity water injection. An extrapolation of the observed additional recovery of 10% and comparison with the scaled core floods indicated that the pilot is on track to achieve the original estimate of 13%.
In the Omar field tests, and concurrent experiments, it was noted that the laboratory model showed additional recoveries within the range of what they expected and observed in the field tests. High salinity water injection was performed, and the recovery factors were recorded. Analogue fields were tested and the ultimate recovery factor for those fields was also recorded. A field-wide increase in the ultimate recovery factor of 5%-15% was observed. Laboratory tests modeling the waterflood showed a range of 9%-23% additional recovery. The data show a range of overlap of expected results, indicating that laboratory models could help achieve an estimation of how the waterflood will perform on a field-wide scale (Vledder et al. 2010) .
There also exist examples of no benefit being realized from low-salinity floods. Skrettingland et al. (2011) conducted both laboratory and field tests to investigate the effectiveness of LSWF for the Upper Statfjord Formation in the Snorre Field. First they reported a marginal 2% additional recovery based on the core floods conducted using LSWF, which perhaps was the motivation to conduct the SWCTT. The SWCTT, however, did not reveal any significant change in the remaining oil saturation. This leads them to conclude that the initial wetting state in the Snorre Field is already close to optimal for a seawater injection, thereby precluding the need for LSWF. Thus, the initial wetting conditions need to be considered in designing a LSWF, since it is a crucial property of the system that influences the outcome.
Compositional variations in tested low-salinity waters
The importance of clays and (modifying) the injection brine chemistry, which are factors that govern the LSWF response, was highlighted by Lee et al. (2010) . The authors state that, specifically, the positive low-salinity response is attributed to increased clay content and lower divalent cation concentrations in the injection brine compared to connate brine. Cissokho et al. (2010) also reported that additional recovery due to LSWF occurred when there were no divalent ions present in the low-salinity brine. Vaidya and Fogler (1992) give evidence of fines migration and formation damage due to changes in water composition. They found that in a system having exchangeable cations, the salinity and pH of the medium have some correlation and observed that for a pH value of 2.0 there is no effect on permeability but as pH increases there is a slight variation in permeability and at a value of pH greater than 11.0 there is a rapid and drastic decrease in permeability. Similarly, it is found that pH of permeating fluid increases as salinity decreases (Vaidya and Fogler 1992) .
Evidence that injected low-salinity water should be optimized to achieve the maximum benefit of LSWF was presented by Lager et al. (2008a, b) . Only when the water was "optimized" did the reservoir improvement of 6%-12% recovery occur. They propose that it is important to model salinity changes within the reservoir to keep the salinity at an optimum level for maximum recovery. Omekeh et al. (2012) studied the effect of carbonate minerals on the ion exchange process in low-salinity waterflooding and developed a model that describes multi-component ion exchange and the dissolution of carbonates contained within sandstones. They concluded through their analysis that the potential of low-salinity recovery is impacted because of dissolution of carbonate minerals, thus changing the composition of the injected low-salinity water and the concentration of the divalents on the rock surface. Austad et al. (2010) proposed that the composition of the low-salinity injection water is of less importance, but that the formation water must contain active cations. The understanding of composition of formation water is more important in low-salinity waterflooding which contains divalent cations at low pH (e.g., Ca
2+
). Reaction of low-salinity water and this formation water causes desorption of organic material from clay. The water wetness of rock improves and hence increases oil recovery. The clay type/properties, its amount in rock, polar components in oil, the initial formation water composition and its pH are the important factors proposed in low-salinity mechanism.
Nasralla and Nasr-El-Din (2011) demonstrated that lowsalinity brines having low Na + resulted in a substantial reduction in the zeta potential at both the oil-brine and rock-brine interfaces, vis-à-vis highly negative charges. This is conducive to wettability alteration from oil-wet to water-wet and improvement in oil recovery. Similar results were reported by Wei et al. (2017) . The cations in the injected water have more dominant effect on the recovery factor than water salinity (cation concentration), and the water chemistry is the dominant factor in determining the oil recovery factor, also highlighted by Lee et al. (2010) . NaCl cation type showed the highest oil recovery over CaCl 2 and MgCl 2 (Nasralla and Nasr-El-Din 2011).
There is evidence that the generation of surfactants from residual oil at high pH may be the cause of the low-salinity recovery mechanism, and this can be accomplished by eliminating high concentration chemicals found in high salinity water. When injecting low-salinity water, the reaction of water and minerals from the reservoir takes place and hydroxyl ions are generated which increases the pH up to 9 or more. The compositional change of water reduces the interfacial tension between oil and water, it changes the properties of crude oil, and the elevated pH level generates surfactants which ultimately alter the surface tension (Webb et al. 2004; McGuire et al. 2005; Mahzari and Sohrabi 2014) .
Review of low-salinity waterflooding in carbonates
According to the World Energy Outlook, more than 60% of the world's oil reserves are contained in carbonates, which are sedimentary rocks formed of minerals such as calcite and dolomite (Myint and Firoozabadi 2015) , but are generally deficient in clay and certain other minerals (Lager et al. 2008a, b; RezaeiDoust et al. 2009 ). Therefore, as far as the underlying mechanisms of low-salinity waterflooding are concerned, clays are not included. In a recent survey by Derkani et al. (2018), they categorized the LSWF mechanism according to intrinsic or given parameters such as reservoir characteristics and extrinsic factors such as the injection brine. These are summarized here and a brief screening criterion has been provided. Formation waters in carbonate reservoirs tend to be relatively more saline compared to those in sandstones. Derkani et al. (2018) noted the importance of formation water composition from the standpoint of reservoir souring and plugging when designing LSWF. As far as initial water saturation (S wi ) is concerned, similar to sandstones, water wetness is directly proportional to water saturation in carbonates also. Although, some studies discussed by these authors indicate an improvement in oil recovery with increasing initial water saturation, no concrete evidence is available in terms of LSWF.
The acid number of crude oil appears to be an influencing parameter from the wetting effect standpoint and thus oil recovery. The acid number is defined as mg of KOH (potassium hydroxide) required to neutralize 1 g of crude oil (containing acid compounds), which is typically determined by a titration test. Standnes and Austad (2000) tested the imbibition performance of chalk core saturated with six different crude oils with acid numbers ranging from 0 to 1.73 and reported that oil recovery and water wetness is inversely proportional to the acid number. Crude oil with 0 acid number showed the fastest imbibition producing more than 70% OOIP, whereas the one with the highest acid number showed almost no recovery. Although, their tests did not include LSW, the results could be qualitatively extrapolated at least from the acid number standpoint to LSWF.
The effect of reservoir temperature comes through wettability and the acid number, the former increasing toward water wetness (Rao 1996) , whereas the latter decreasing with increasing reservoir temperature (Shimoyama and Johns 1972) , although a given higher reservoir temperature can be considered as favorable for LSWF. Nasralla et al's (2018) comprehensive experimental program on two different rock types from the same reservoir that evaluated the effect of salinity indicated that the optimum brine concentration is not the same since it is dependent on 1 3 rock mineralogy and properties. For example, the two rock types studied by these authors differed in the permeability range from 2-20 mD to 20-1000 mD, whereas the porosities were in the same range of 12%-27%. The secondary Amott test results showed the highest recovery factor, using 10 times diluted seawater, for the high permeability rock type in the range of 30-60 mD, whereas those belonging to permeability range of 6-9 mD and 300-400 mD, i.e., two different rock types, showed nearly the same recovery. Although the authors studied the mineralogy of both rock types via CT scanning, XRD and SEM, no explicitly distinguishing parameters between the two rock types were reported, and overall the rocks were classified as limestone, due to the high amount of calcite. Besides the above studies, despite the importance of porosity and permeability being key rock properties of carbonates that affect the recovery, the lack of systematic studies in open literature precludes a discussion of their impact on LSWF.
From the perspectives of extrinsic parameters, obviously the ionic composition of the (low salinity) injection brine is one of the most important in carbonates as well. However, temperature has also been discussed as one of the influential parameters in carbonates (Derkani et al. 2018) . Unlike sandstones, the literature suggests that for the most part LSWF tends to focus on dilution or modification of seawater, which contains possible potential determining ions Ca 2+ and SO 4 2− , that impart favorable wetting characteristics improving the recovery (Derkani et al. 2018; Zhang and Austad 2006) . Based on the various cases discussed by Derkani et al. (2018) , two main points, that are beneficial for enhancing oil recovery from carbonates, emerge; the injection brine should contain Ca 2+ and/or Mg 2+ and SO 4 2− and temperature above 70 °C. The synthetic seawater cases discussed by Derkani et al. (2018) include oil recovery as a function of varying SO 4 2− concentration between 0-4 times present in the original seawater while keeping the Ca 2+ constant and vice versa, with temperatures in the range of 70-130 °C. Overall, purely from a dilution perspective, a wide range of 10-100 times has been reported; however, inconsistent results preclude definitive recommendation on optimum concentration (Derkani et al. 2018) .
Finally, the vast amount of literature (mostly laboratory scale and a handful of field cases) demonstrates the applicability of low salinity to improve oil recovery in carbonates; however, the potential is largely dependent on the specificity of the crude oil-brine-rock system, barring some general favorable screening guidelines such as (1) low acid number of oil; (2) higher S wi ; (3) higher (reservoir) temperature (70 + °C); and (4) the injection water containing Ca 2+ and/ or Mg 2+ and SO 4 2− .
Enhancing polymer flooding by using low-salinity water
Polymer flooding is a time honored and tested chemical EOR technique that has been successfully applied primarily to achieve a favorable mobility ratio and thus improve the sweep efficiency in heavy oils. However, one of the main requirements to prepare the polymer solution is the makeup water, which can be seawater, aquifer or produced formation water (Unsal et al. 2018) . Each of these waters possess different salinities and when they are used to prepare solutions of widely employed polymers such as the partially hydrolyzed polyacrylamide (HPAM), the resulting rheological properties are strongly dependent on the salinity of the aqueous phase given their "polyelectrolyte character" (Nasr-El-Din and Taylor 1996; Venkatraman et al. 2014; Khorsandi et al. 2017; Unsal et al. 2018 ). According to Wever et al. (2011) , the salinity of the aqueous phase is inversely proportional to viscosity of the polymer solution, which is the primary property targeted to improve the mobility ratio. In other words, if a certain polymer solution viscosity is desired then a lower concentration of polymer is needed if the solution is prepared in low-salinity water, compared to a higher concentration in high salinity water, which is typical in seawater and formation water. Vermolen et al. (2014) showed the effect of salinity on HPAM solution viscosity, for example, a 1000 ppm and 10,000 ppm total dissolved solids (TDS) salinity brines resulted in viscosities of ~60 cP and ~20 cP at a shear rate of 6 s −1 . Other data presented by the same authors show similar examples such as a 100 cP viscosity HPAM solution at a shear rate of 11.5 s −1 produced by mixing ~2000 ppm HPAM in a 700 ppm TDS brine vs. a ~4000 ppm of HPAM in 7000 ppm TDS brine, which they refer to as "gain in polymer concentration." Clearly, this means that the low-salinity water use can lead to a substantial reduction in the amount of polymer required and thus making the entire operation economically attractive ranging from smaller injection facilities to ease of handling the (lower) concentration of polymer in the effluent stream (Unsal et al. 2018) .
Besides the lower concentration advantage in using lowsalinity water, two other benefits are realized which are lower shear sensitivity and positive impact on the viscoelasticity of the polymer (Zaitoun et al. 2012; Vermolen et al. 2014 ). The polymer is susceptible to mechanical shearing in the flow infrastructure such as pumps, valves and chokes that result in the loss of viscosity because of the molecular weight decrease. Zaitoun et al. (2012) showed that the shear sensitivity decreases with decreasing water salinity, thus improving the stability of the HPAM. As far as viscoelasticity is concerned, it has been suggested that a higher value can reduce the residual oil saturation (Xia et al. 2008 ).
Viscoelasticity increases with polymer concentration and molecular weight; however, salinity has a stronger influence (Vermolen et al. 2014) .
Oil recovery and differential pressure data from an oil displacement experiment conducted by Vermolen et al. (2014) demonstrate the benefits of low-salinity polymer injection. First the same 100 cP polymer solution viscosity is achieved with a 1000 ppm and 250 ppm TDS brine, which shows oil recoveries of ~72% and a little over 80%, respectively, demonstrating the improvement in not only the polymer economics (lower concentration of polymer), but also the lower salinity and/or a viscoelastic effect (a constant or decreasing differential pressure) (Vermolen et al. 2014) . Coreflooding experiments conducted by Shiran and Skauge (2013) in a secondary mode showed an increase in the oil recovery factor when low salinity, 300 ppm polymer and low-salinity polymer were injected. Recently, Al-Qattan et al. (2018) reported single-well chemical tracer tests conducted in one of the producers in the Wara reservoir of the Greater Burgan Field in Kuwait that show the efficacy of a low-salinity waterflood followed by low-salinity polymer flood in a tertiary mode post the high salinity waterflood that reduced the residual oil saturation by 3% and 4% due to the two low-salinity floods. Nevertheless, the reduction in residual oil saturation is attributed to a combination of the higher viscosity effect due to polymer and low salinity producing favorable wetting conditions; however, the dominant mechanism is dependent on the reservoir characteristics (Unsal et al. 2018) .
Conclusions
There is no universally applicable primary mechanism behind low-salinity waterflooding known as yet; however, wettability alteration due to pH alteration and salinity changes and electric double-layer expansion/MIE are widely discussed mechanisms in the literature. Commonly researched topics, as they relate to LSWF, include presence of clay, wettability and water chemistry. Reservoirs that are mixed-wet have shown to be more attractive candidates for LSWF. Optimum injected water salinity will depend on the composition of the reservoir brine, and LSWF benefits have been the highest in injection water salinity ranging between 2000 ppm and 5000 ppm TDS. Slug-wise injection of lowsalinity water has also been suggested to enhance the project economics.
Clay type is one of the most discussed topics in published works referencing LSWF. Some have proposed that kaolinite would be the least favorable clay, but many positive results have come from sandstones containing kaolinite. Many experiments have been conducted with kaolinite clays, but little with other clays. A comprehensive study comparing the clay type and amount of clay could provide evidence into the optimum clay characteristics amenable to LSWF. Two other observations from the literature review are: (1) Laboratory and field experiments generally seem to match each other, though field-wide benefits are slightly lower than laboratory studies and (2) there is a lack of study relating oil properties (such as API gravity and viscosity) and rock properties (such as porosity, pore size and permeability) to the benefits of LSWF.
There are several factors to consider when selecting reservoir candidates for LSWF. A preliminary screening criterion is proposed, as shown in Table 3 . Despite the different explanations of how LSWF mechanism works and the many parameters that play a role, there seems to be some common features in LSWF, which are:
1. Clays should be present and clay content must be high. 2. Formation water and/or seawater (high salinity) from prior flooding have to be present. 3. The salinity of the low-salinity injected brine should be below the optimum salinity, i.e., TDS < 5000 ppm. 4. A polar component has to be present in oil. 5. The reservoir has to be oil-wet or mixed-wet (or intermediate-wet)
A sensitivity study of each parameter will help to better identify which mechanisms contribute the most to the benefits of LSWF. LSWF response is unique to each reservoir; therefore, careful planning and understanding, on a case by case basis, is necessary in order to determine the potential of LSWF for field-wide implementation.
LSWF in carbonates is mainly tied to diluted seawater. Low acid number, higher temperatures and the presence of Ca 2+ and/or Mg 2+ and SO 4 2− appear to some of the mechanistically favorable factors for low LSWF in carbonates. Unlike sandstones, clays do not seem to play a major role in LSWF in carbonates. 
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The reviewed literature demonstrates the synergy between the LSWF and polymer flooding that helps in further reduction in the residual oil saturation.
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